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New Measurements from CLEO-c
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CLEO-c final data set:
(25.9 £0.5) x 106 (2S) decays

(divided into two runs).

[. Higher multipoles in Y(2S) —= vyer; Xer — YI/P
(PRD&0, 112003 (2009))

* El-dominated, but M2 contributions expected

* M2 sensitive to the anomalous magnetic
moment of the charm quark

* old experimental discrepancies
* (24.5+£0.5) x 106 Y(2S) decays

II. Search for Y(2S) — ync(2S)
(PRDS81, 052002 (2010))

* allowed M1 transition
* old (1982) Crystal Ball report ruled out

* use exclusive 1¢(2S) decays and
Ne(2S) — T (1S)

* (25.9+£0.5) x 106 yY(2S) decays
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I. Higher Multipoles in Y(2S) — yxc1; Yer — VI

non-relativistic theoretical expectations for multipole amplitudes:

J=1 _ M2 _E,
PY2S) = VYt —> b; Ny (1+ &)
b: “before the .~
a: “after the y.”
Y(2S) = VY2 —> b£=2 = M2 = 3 LBy (1+ k,) Kc: anomalous magnetic
VE1Z + M22 + E32 /5 4m, moment of charm quark
m¢: mass of charm quark
o £ E,: photon energy from
Yot = YIp  —> ay~! = = — (1 + k) W(2S) = Vkel
VE1% + M2? 4m, E,: photon energy from
X1 —> I
J—> M?2 3 E,

Yo=Yy > g2 =

(1+ «,)

VEZ + M2 + E2 /5 4m,

Notes:

* sensitivity to K. (anomalous magnetic moment of charm quark)

* E3 expected to be zero, but allowed if there 1s S-D (Y(2S)) or P-F (%(1P)) mixing
* also recent lattice calculations (Dudek et al., PRD73, 074507 (2006), PRD79, 094504 (2009))
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Events / 0.6 MeV
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Event Selection:

* decay chains:
W(2S) = YXers X = YIp; JAp — eter,

e at least 2 tracks, 2 showers
* lepton identification via E/p

* kinematic fit to J/1p mass (1C) and
P(2S) 4-momentum (4C)

* suppression of P(2S) — (7°,n)J/p using
J/A) momentum

= clean samples well-described by MC
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Measuring Multipoles with Angular Distributions

Sy Y frame
Angular distribution in the helicity formalism :
(depending on five angles):

W(cos#', ¢, cosb.,., cos, ¢)
o« Y pW =T u =P G, $"\B, B d2,,(0,y)

o ol =1
v u==1

X dJ—Xﬁ'fz(gw’)Allelﬂlp*(v_ﬂ'ﬁ_#)(g’ ),

Relationship between helicity and multipole amplitudes:

2] + 1
aj*(J l;l,v—llJX, V)

R e

= Fit angular distributions to data using an
unbinned maximum likelihood fit.
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Events /0.04

Multipole Fit Projections
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projection of cosine of angle
between 1+ and vy from .y decay
in J/p frame

= Significant differences
between EI1,M2 and pure E1 fits

= Non-zero M2 amplitudes
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Statistical Results

Fit a;~! (107?) b;~! (107%) XE1
Two-parameter —6.11 £ 0.63 2.81 =0.73 11.1

Acl One-parameter (a,/b, = —2.274) —6.15 = 0.55 2.71 = 0.24 11.1
Theory (m,. = 1.5 GeV) —6.5(1 + k,) 2.9(1 + k,)

Fit

al=2 (1072  bJ72(107%) a2 (1072)

b5~2 (1072  xm

Two-parameter —9.3* 1.6 1.0 £ 1.3 0 6.2
Three-parameter —93* 1.6 0.7* 1.3 0 —08*12 63
XC2 Two-parameter (b = 53%) —9.2* 1.6 2.7*+0.5 0 —0.1 1.1 6.1
Four-parameter —-79*19 02*14 1.7%x14 —08*x12 64
Theory (m, = 1.5 GeV) —-9.6(1 + k.) 29(1 + «,) 0 Model dep.
0.05 ‘ 1‘600909—01 5 0.05
(a)
0.04 - . . 0.04
0.03 F-L--{-[-4-|- -- --------------- ] 0.03
_002f : ) N oo
_I’IQN 0.01 1 I . 8 0.0
0.00 |- ' J 0.00
_001k . ~0.01
~0.02 |- / ~0.02 -

| |
-0.12 -0.10 -0.08 -0

.06 —0.04

| | | |
—0.02 0.00 0.02 -0.12 -0.10 -0.08 —-0.06 —0.04 -0.02 0.00 0.02
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Cross-Checks and Systematic Errors

Cross-Checks:
* many toy MC fits

* varying size of MC sample used to calculate the “efficiency integral”
* separate fits for J/Ap — e*te~ and pru-

* elc.
Systematic Errors:

* “Generic MC impurities” -- MC fits with and without predicted backgrounds

e “Selection criteria” -- ensembles of fits with variations on the selection criteria

systematic errors for J = 1; the J = 2 case is similar (except no biases):

Systematic uncertainty a3y} by~ !

Uncertainty (107%) Bias (107?) Uncertainty (107%) Bias (1072)
Generic MC impurities 0.15 0.15 0.05 0.05
Selection criteria 0.19 - 0.22 -
Total systematic uncert. 0.24 0.15 0.23 0.05
Statistical uncertainty 0.63 - 0.73 -
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Signal Events
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Final Results (I)

---Theory @ CLEO @XBal AE835 WE760 [IBESH | .. 1000.017

]

I |—b—|I I I _I

I I I I I
—-0.10 -0.05 0.00 0.05 0.10

| o |
= J=2 —
§ I+I a2 ]
— 1 —
¢ ! '
| | 1 | | |
-04 -0.2 0.0 0.2 0.4
= | | . | | 3
| -8~ J=2 |
3 ! bz i
| | | 1 | |
-0.2 —0.1 0.0 0.1 0.2

Magnetic Quadrupole Amplitude
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CLEQO’s results:

Acl:
a;~! = (—6.26 = 0.63 = 0.24) X 1072

bi=1 = (2.76 + 0.73 + 0.23) X 102

Y2 (E3 terms fixed to zero):

a2 =(-93*x1.6*03) X102

by~ = (1.0 1.3+03) X 1072

= Good agreement with theory
(me = 1.5 GeV/c?, ke =0)



Final Results (II)

 E3 terms consistent with zero in all fit variations
e.g. in the full 4-parameter fit:

aj=? = (1.7 1.4 £0.3) X 1072,

by =(—0.8=1.2=*02) X 1072

* Sensitivity to anomalous magnetic moment -- use:

B = = (4 k) = (1 + k)6

to measure (assuming m¢ = 1.5 £ 0.3 GeV/c?):

1 + k. = éa3~! = 0.877 = 0.088 = 0.034 *= 0.175

= anomalous magnetic moment of charm quark consistent with zero
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II. Search for Y(2S) — yn(2S)
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B ne(1So) M1-Dominated Transitions

O+ 1-—- 1+- O++ 1++ D++

JPC

Properties of the 1c(2S):

* 1N<(2S) observed in B decays, vy fusion,
and ete — J/¢pX

* only decay mode observed is KsKit

* M(Mc(2S)) =3637 + 4 MeV/c? [PDG 2009]

* I'mc(2S)) =14 =7 MeV/c? [PDG 2009]
Search for P(2S) — ync(2S):

* allowed M1 transition

* predicted BF from (0.1 — 6.2) x 10—

* use exclusive decays of the 1¢(2S)

+ also look for N.(2S) — mme(1S)
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Analysis Strategy

Event Selection:

1. Reconstruct Y(2S) — vX, where X is
one of many exclusive channels:

Channel x>/d.o.f. € (%)

KoK=~ <3.5 14.09 = 0.10
KtK 7Y <4.0 17.55 = 0.14
KK X 7.63 = 0.04
20wt 7) <4.5 20.48 = 0.16
3 w) <5.0 14.22 = 0.14
K"K 77w~ <4.0 19.50 = 0.15
K*K mra a° <2.5 8.68 = 0.11
K"K 2(m ™) <4.0 9.93 +0.11
KOK=m 7"~ <4.0 7.84 + 0.09
Tty — yy <2.0 4.03 = 0.04
7t g, oo a7 <3.0 1.65 = 0.02
Tty 5.68 = 0.05
K"K m, n— yy <3.5 4.55 = 0.05
K*K g, m—ata 7" <5.0 1.92 = 0.02
K"K n 6.48 = 0.05
T a <3.0 1.42 = 0.02

2. Look at photon energy spectrum down to 30 MeV

 kinematic fit to YP(2S) 4-momentum,
select on x?/d.o f.

« AM = M((2S)) - M(hadrons)
between 0 and 100 MeV/c2

* J/\p suppression

* cftcC.

Background Determination:
* shape from MC

* floating normalization

Cross-checks:

* signal fitting checked with
P2S) = VXe2s Y2 > X

* background shape checked with
Y(2S) = md/p; Jp — X
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Events / 2 MeV

Using P(2S) — vye2; Y2 — X as a Cross-Check
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* Reconstruct Y(2S) — yvX, where X = same
modes as before

* Remove AM requirement, look at higher photon
energies
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e Results:

* Good fits = good understanding of resolution
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Using J/ap Decays to Check Low-Energy Showers

Reconstruct Y(2S) — mmd/; J/p — X
* showers due to FSR and hadronic “split-offs”

* “photon” energy spectrum reproduced well in MC

0970309-007

20 | 18 F
18 b JAp — 4x|| 16 | Jhp — 2K2m
16 [ 14 E
Fl 12 F
10
8 |
6 F
3 :
= o f
N B
%) g 10 [
o 4F Jp = 2Kn ||
o 12F e :
10; 6 :
8 [ i
6 4 1
af I
- 2
2F i
OL 0_ il EP I R I AN B
0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11

E, (GeV)
= trust MC to predict background in Y(2S) — yn.(2S)
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Looking 1n the Signal Region

. 0970309-002 Fit components:
| YKt * signal (PDG mass and width

o convolved with resolution function)
6 H ®

: * MC-predicted background

(dominated by FSR and “split-offs™)

0970309-003

> - 2K47w
< =
E [
N 2
£ 3
S [
o =
= -
S ) [ Loty LLTTTTTIN eswosiaeans Leseases 1 0 f ! ! ! LT TTTITIrNY |
2 14 10 |-
s F 2K2mmO || KsK3m
m 12F 8le ®
10 H E
8 6
6 JF
: ol 4 F :
- T T ] N 2 AR G R g
Jw o TNy e
SE.-,--,--:",".,,,,...,,r--,..,... ..... beos O:,..JluulL,.LJ.+,h1.“.L,.“L. 0'".“.“..|....|....|'.. """"
003 0.04 005 0.06 007 0.08 0.09 0.03 004 0.05 006 007 008 009 003 004 005 0.06 0.07 0.08 0.09
=y (GeY) E, (GeV)

=> no significant signals seen
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Events / 4 MeV
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Looking 1n the Signal Region

Sum of previous seven channels:
0970309-006

— sum of previous fits

— allowing the FSR and
“split-off” components
to float separately

—

E suggestive enhancement? *
— (but < 30)

- - T T RN RS T RS SN N
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Results and Systematic Errors (I)

Table of final results for seven channels:

N, x2/d.of. Systematic uncertainties (%) BB, (X 1079
Channel A B C D E  Other Total (90% C.L.)
KR 117418 9.7/14 152 169 122 133 82 56 307 59749 + 1.8 <14.5
2wt ) 47.9*13¢  14.1/14 25 61 118 1.7 44 50 191 9.0728 + 1.7 <14.6
3wt ) 10.17181 11.2/14 166 204 146 121 36 5.1 33.0 2.7743 £ 0.9 <13.2
K'K mta 12.8*13%  9.2/14 77 326 71 138 44 45 372 2.5731+09 <9.6
K'K wtom #® 375722  13.8/14 227 152 297 245 09 72 478 167733 8.0 <43.0
K'K 2(z"#w") -03%13% 132/14 08 68 148 110 43 53 208 —01%35=0.1 <9.7
KXK*m 7w 7w 129%%3  119/14 132 178 163 56 52 50 290 6.47%1 + 1.8 <15.2

Dominant uncertainties:

A. AM selection (remove selection and redo fits)

—

B. background parameterization (use 1st order polynomial)

C. M(Mc(2S)) (vary by 10 around PDG value)

D. signal region (vary lower and upper bounds of fit range)

E. non-resonant background (fits to off-resonance data)

track and shower reconstruction
efficiencies, N(Y(2S)), etc.

NB: upper limits are also published as a
function of I'(n+(2S))
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Events / 4 MeV
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Results and Systematic Errors (1I)

0970309-004

Channels with 1 are handled differently:

* use sidebands to normalize background

* count signal and background events in the signal region

Table of final results for channels with n
(systematic uncertainties as before)

Nobs/Nog N,/ € Systematic uncertainties (%) BB, ( X 1079
Channel 90% CL.) A B C Other  Total (90% C.L.)
T Ty 4/4.3 <75.4 6.1 465 3.0 8.1 47.7 <4.3
K"K n 8/6.5 <115.7 9.2 29.8 39 7.6 32.3 <5.9
T 7 n 2/1.8 <287.9 8.9 24.5 3.7 7.4 27.3 <14.2

- muren |
: l l v \
;"lﬂ o ® ([ ] ® 0 0
f_ g . I_|—|_|_|__'_LJ
| ) K
3 \ \{
E— o ® 6 o
_I—|—’—._‘J_—I—'——.__r—|_._|_'_|__'_’_'_l—
T =]
. v \{
— ® ® ®
- 1
I_I i N N
03 004 005 006 007 008 0.09
E, (GeV)

=> no significant signals seen here either
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Search for Ne(2S) — TN (1S)

e Look for the chain: - 0970309-005
P(2S) = yNe(2S); : (a)
N(2S) — N (1S); N§ 0F o l l
Ne(1S) — X, = .
where X = % } + + +
Fell 11 4 L
L

4, 2K2m / §J+++%

* Select 1c(1S) mass 290 292 294 296 298 3.00 302 304
Inv mass of n_(1S) candidate (GeV/c?)

16 =
* Look at shower energy 14 s (b)
\ - i :_ °
* Upper limits: 2 b
< @ L
5 o
B(y(28) = yn.29)B(n:(28) = w7 n(18)) & e Ll |
L Nsig - 4 (el + + + +
Nyesl2€ X Bi(n.(15))] i3 6, LI
8.03 004 005 006 007 008 0.9

E., (GeV)
= (=0.394083 76 £ 0.18) x 104 < 1.7 x 104 (90% C.L.) Y
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Summary

Y(1°D+)
&N P(23S4)
Ne(2'So)

Xe2(13P2)

JIP(13S4)
/ E1-Dominated Transitions
B ne(1So) M1-Dominated Transitions

O+ 1-—- 1+- O++ 1++ D++

JPC

I. Higher multipoles in Y(2S) — vyer; Aev — YI/P
(PRD&0, 112003 (2009))

* discrepancies with theory resolved
* significant M2 amplitudes
* no significant E3 amplitudes

* anomalous magnetic moment of charm quark
consistent with zero

II. Search for P(2S) — ync(2S)
(PRDS1, 052002 (2010))

* no signals

 upper limits on product branching fractions on
the order of 10->
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